Abstract. In order to improve the radiation resistance of semiconductor detector, 3D trench electrode Si detector structures have been proposed by BNL at the end of 2009. In this paper, we propose a 3D trench electrode Si detector with adjustable central collection electrode, which integrates advantages of cylindrical units and parallel units. For those combine units, we use 1D Poisson equation as the first order approximation to study the changing of depletion in different regions. These results have been compared to those obtained from the full 3D simulation using a 3D-TCAD tool. According to our calculations, we designed a 3D trench electrode Si detector with adjustable central collection electrode. Furthermore electric characteristics of this type of detectors with different lengths of central collection electrode (l p+ ) have been simulated using the 3D-TCAD.
Introduction
Silicon detector, widely used in high energy and nuclear physics experiments, suffer severe radiation damages that lead to degradations in detector performance. These degradations include significant increases in leakage current, bulk resistivity, space charge concentration, and free carrier trapping. For LHC upgrade, HL-LHC, the radiation environment will become more severe, and even more radiation tolerant detectors will be required.
In order to improve the detector radiation tolerance, in the 1997, the conventional 3D column electrode detector was propose by Parker at University of Hawaii [1, 2] . It is named from the 3D-process, p + and n + electrode columns with typical diameter of 10μm are etched into the detector thickness. The electrode spacing (λ, the distance between neighboring p + and n + electrode columns. As shown Fig.1(a) , λ x and λ y ) can be made in the order of 30-50μm, which provide small full depletion voltage and much reduced carriers trapping [3.4] .
Since the invention of 3D column electrode detectors, continuous advances of the detector structure have been made. In 3D column electrode detectors, there exist regions of non-homogeneous electric field [5] , which may get worse in heavy irradiation environment. In 2009, the 3D trench electrode Si detector structure had been proposed [6] . Because 3D trench electrode Si detector structures have more uniform electric field, it is superior as compared to 3D column electrode detector in radiation tolerance. Although it has many advantages in performance for high-energy physics applications, the cell size of a 3D trench electrode Si detector with a column central electrode is limited by the electrode spacing. As radiation fluence increases (now up to 10 16 n eq /cm 2 ), one has to decrease the cell electrode spacing λ to meet the radiation hardness requirements. This in turn will diminish the detector cell size of these types of 3D trench electrode Si detectors, since the cell size is in the order of πλ 2 (As electrode spacing increase, full depletion voltage obviously increase and charge collection efficiency (CCE) is significantly decline) [7] .
In the 2009, Li et al mentioned a square shape of 3D trench electrode Si detector with parallel electrode(parallel plates) [6] , no detail of design and simulations were given. Also, square shape detector has more electric field non uniformity. In this paper, based on their study, we studied the detector full depletion voltages (V fd ) in different directions (x and y directions in Fig.1(a) ), and proposed a better cell structure (combining a cylindrical unit and a parallel plate unit as the trench electrode, and an "adjustable central collection electrode"). Furthermore electrical characteristics of this type of detectors with different lengths of central collection electrode have been simulated using the 3D-TCAD. The detail information will be presented on following paper.
Design theory
A cell of 3D trench electrode Si detector with adjustable electrode has been presented in this paper, as Fig.1(a) show. In Fig.1(a) 3 . In order to improve the detector's radiation resistance [8] , the bulk regions (between p + and n + ) and P-type Si bottom is doped in a concentration of 10 12 cm 3 , which is called the effective doping concentration N eff . Due to the processing limitation, the height of electrode is set as 270µm, the length of silicon substrate is 30µm [6] , and the thickness of p + or n + τ is 10µm. Under the P-type silicon substrate, there is a SiO 2 whose thickness is 1µm. Aluminum layer with a thickness of 1µm is put on the surface of p + and n + . SiO 2 layer with a thickness of 1µm is put on the surface of bulk.
As shown in Fig.1(a) , the electrode spacing in x-direction (λ x ) is between two parallel plate electrodes and that in y-direction (λ y ) is between the semi-cylindrical trench electrodes in the two cell ends and ends of the central electrode. The relationship between λ x and λ y is important for the new structure to obtain a near homogeneous full depletion voltage in all detector regions. The full depletion voltages, and their dependencies on λ x and λ y , in two different regions can be obtained from solving Poisson equations with different boundary conditions (e.g. linear and cylindrical boundaries, respectively). The approach here is that by choosing the same full depletion voltages for two different regions to design an optimum detector cell. As limited of paper length, only result has be given:
(1)The dependence of the full depletion voltage in x direction V fd,x on the electrode spacing λ x (linear boundaries):
Where N eff the effective doping concentration in the p-type cell bulk and bottom, V bi is the build-in potential.
(2)The dependence of the full depletion voltage in y direction V fd,y on the electrode spacing λ y (cylindrical boundaries): (2) (3)The dependence of λ x on λ y can be obtained:
In this paper, we set value of λ y as 60µm. According to Eq.3, a result of λ x = 45µm can be obtained. TCAD tool has been used to simulate hole concentration for the changing of depletion depth. Since 10 12 cm -3 (In the figure, it is shown as 12 since it is a log scale) was defined as a upper limit of hole 563 concentration in simulated result (Fig.1b) , the reddest regions in the bulk is not depleted. As the Fig.1(b) shown, full depletion voltage in about 2.5V, Calculated result is 2.2V, which is similar with simulations. Simulations results also show full depletion voltage is similar between parallel x direction and y direction. At last, the approach of model design has been give by Eq.3, which meets our requirement. The following section, full 3D-simulation is used to simulate electrical characteristics (including electric potential and electric field) of those cells.
Electric potential
Full 3D simulations have also been performed with full boundary conditions on both surfaces with oxide charges (4×10 11 cm -3 ). Due to paper length limitation, only a few of results have been shown. In this paper, TCAD tools are used to simulate electric potential of detector units with different l p+ . The electrode spacing: λ x = 45μm and λ y = 60μm.
The advantage of the structure is adjustable:
where L is the length of unit. As shown in Fig.2 , the distribution of potential is like a funnel, the electron and hole are moving along the gradient to the anode and cathode, respectively. A distribution of potential isn't impacted by l p+ extending (l p+ >> λ x,y ).
Electric field
In order to prove the advantage of our approach, electric field of the designed structure (Fig.2a) is compared with other structure that l p+ has been shortened (λ y has been lengthen). As Fig.3 shows, the purple region is low electric field. Fig.3(a) is the designed structure by our approach and electric potential has been shown on Fig.2(a) (l p+ = 590µm, L = 730µm) . Fig.3(b) is the compared structure's electric field distribution with l p+ = 570µm (also L = 730µm). As Fig.3(b) shows, low electric field area increases significantly as λ y is just increased 10µm from the value shown in Fig.3(a) . According to comparison, a conclusion can be obtained: for full depletion in all regions, a theory value of λ y (given by Eq.3) is longest length without low electric field in bulk.
Conclusions
As demonstrated in the paper, we derived Eq.3 to define a λ x to insure the same full depletion voltages of two different regions in our detector structure. Thus the relationship of λ x and λ y can be obtained. According to calculations, 3D trench electrode Si detector with adjustable central collection electrode has been designed and full depletion voltage V fd = 2.2V has been obtained at N eff =10 12 cm -3 , and this result is similar with 3D full-simulations. As the full 3D simulations shows, our new detector structure can effectively enlarge the detector unit cell without introducing low electric field region in the cell.
